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ABSTRACT 
Protein plays a crucial role in nearly all life processes-in catalysis, transport, 
coordinated motion, and the control of growth and differentiation. These remarkable 
ranges of functions arise from the folding of protein into many unique three-dimensional 
structures. A specific amino acid sequence determines folding, functions and degradation. 
Correspondingly evolution has to compromise between rigidity (stability) and flexibility 
(function). An important challenge arises here; how it is possible for the one dimensional 
sequence to code not only the final native structure but in addition, for a set of three 
dimensional non-native intermediate conformations and their connection into a temporal 
folding sequence? This protein-folding problem challenged the imagination of 
generations of biologists as well as scientists for the related areas. 
Proteins and their mutual interactions, as well as conjugates of proteins with other 
biopolymers and lipids form the molecular framework of the structure and regulation of 
cells. At the monomer or subunit level, protein interactions are involved in the self 
organization of the native state. In the case of multimeric systems, they put the functional 
elements in metabolic pathways and information networks together, allowing allostcric 
regulation, substrate channeling, and the sophisticated interplay of structure and function 
characteristic of the dynamics of biomolecular organization. 
Chapter 1" 
The effects of low pH on conformation and association state of Keyhole Limpet 
Hemocyanin have been studied by circular dichroism, intrinsic fluorescence, binding of 
hydrophobic dye l-anilino-8-naphthlene sulfonic acid (ANS), acrylamide induced 
fluorescence quenching and dynamic light scattering. In native state (pH 7.4), KLH exist 
as stable eicosameric form with hydrodynamic radii of 28.22 nm, which is approximately 
equal to molecular mass of 8.8 MDa. The experimental results demonstrate that two 
structurally distinct species exist in the conformational transition of KLH induced by low 
pH. One species populates at pH 2.8 characterized as a decameric (4.8MDa) molten 
globule like state and the other accumulates at pH 1.2 which is a pentamer (2.4 MDa) 
with more organized secondary and tertiary structure. Our results provide insight into the 
mechanism of pH-dependent structural changes and oligomerization of KLH and will be 
helpful to the understanding of the folding and association of very large multimeric 
proteins. 
Chapter Z"" 
The objective of this study was to examine the effects of 2,2,2 Trifluoroethano! (TFF;) 
and Acetonitrile (ACN) on the stability, behaviour and structural characteristics of giant 
multimeric protein Keyhole Limpet hemocyanin (KLH) by combining the Fluorescence 
and Circular Dichroism (CD) measurements. In concentration range 20-50% (v/v) TFE, 
eicosameric form of protein at pH 7.4 shows visible aggregation while no aggregation 
was observed in the entire concentration range of TEE for decameric form occurring at 
pH 2.8. The spectroscopic measurements on KLH showed that fluoroalcohols (such as 
TFR) do induce significantly higher helical structures in unfolded protein compared to 
folded protein. However in case of ACN, aggregation starts from 50% (v/v) at pH 7.4 and 
from 80% (v/v) at pH 2.8. Depending on pH and alcohol studied, stability of the protein 
decreases significantly and in presence of moderate to higher alcohol concentration, the 
protein was found to be unfolded. 
Our results shows the presence of unfolded states referred to as TFE induced state I 
(pH 7.4; 80%> v/v) and state II (pH 2.8; 40% v/v) while ACN induced intermediate stales 
III (pH 7.4; 80% v/v) and state IV (pH 2.8; 70% v/v) respectively. An important object of 
our investigations was a more detailed study of efficiency of cosolvents in inducing 
structural changes in KLH. The dependence of scattering intensity and the Rh on alcohol 
concentrations was investigated at 25° C. Accumulation of these intermediate states is of 
great significant importance especially in medical sciences since KLH is widely used as 
immune stimulant for vaccines as well as an immunotherapeutic agent against bladder 
cancer. 
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INTRODUCTION 
The name protein is derived from the Greek Proteios, which means first. The 
name is well chosen. We all learned that proteins are vital components of all structures, 
processes and reactions, which describe life. The mechanism by which protein fold from 
a structure less denatured state to their unique biologically active state is an intricate 
process. However, recent advances in biophysical techniques both thermodynamic and 
kinetic have showed the presence of stable intermediate conformational states in a 
number of proteins, which helped in the understanding of protein folding phenomenon. 
The latest experimental techniques, which are used to measure folding, have been 
described in table 1: 
Table I: Experimental Techniques Used to Monitor Protein Folding 
Techniques 
Protein Engineering 
Lflficr scattering and gel filtration chromatography 
DSC 
Fluui'ciicencc 
a. Intrinsic 
b. Poliirizalion and Anisotropy 
c. FRET 
d. Quenching 
e. REES 
f. Stopped flow 
g. Ligand binding (Substrate and Inhibitor) 
Information about folding process 
Role of individual amino acid in stability 
Radius of gyration 
Thermodynamics of folding process 
Environment and orientation of Trp 
Dynamic of fluorophore 
Distance between two point in a protein 
Accessibility and environment of fluorophore 
Difference bet\veen environment of fluorophore 
Time scale of fluorescence changes 
Formation of native structure at active site 
Circular Dichroism (CD) 
a. Far-UV 
b. Near-UV 
c. Stopped Flow 
Hydrogen Exchange 
a. Native state exchange 
b. NMR 
Real time NMR 
Dynamic NMR 
Laser temperature Jump 
Mass spectrometry 
Secondary structure 
Tertiary structure 
Time for secondary and tertiary structure formation 
Detection of metastable state 
Rate of formation of backbone hydrogen bonds 
and protection from exchange of amino acid side chain 
Environment of protein side chain 
Detect equilibrium species 
Trigger folding / unfolding at nano seconds 
Conformational properties of protein ensembles 
The folding process is even more complex in multidomain and muitimeric proteins 
where each domain/ subunit may be capable to refold independently and interdomain 
interactions may affect the overall folding process. Hence, there has been a growing 
recognition of the importance of residual structural preferences in protein folding 
reactions, as the factors involved in their stability would provide important insight into 
the interactions responsible for their formation as well as their role in protein folding. 
Folding of Muitimeric Proteins 
Evolution allowed proteins to acquire the capacity (i) to create new functions by the 
cooperation of two or more domains in the formation of one common active center; (ii) to 
become multifunctional, this way allowing regulated networks of processes to develop; 
(iii) to enhance the rate of self organization by synchronous nucleation at multiple sites; 
and (iv) to improve the stability by protecting the folding polypeptide chain in its sub-
structures from cotranslational degradation. Regarding their folding and association 
mechanism, multi-domain and muitimeric systems may be modeled as the sum of their 
constituent parts plus contributions attributable to their mutual interactions [IJ. The 
folding of multi-domain proteins may involve multiple intermediate species with 
different degrees of partial folding. They may look native by one physical parameter, 
partially folded by another, and unfolded by a third one, so that the underlying properties 
have only limited value as probes of unfolded or native-like structure. For modular 
proteins this may be attributed to the last folding step connected with the docking of the 
domains; for muitimeric proteins it represents the formation of 'structured monomers' 
with the correct complementary interfaces required for the specific recognition of 
subunits. In muitimeric systems, the steps preceding subunit assembly are the same as in 
single domain proteins. The overall mechanism consists of three stages, (i) the formation 
of elements of secondary and super-secondary structure; (ii) their collapse to sub-
domains and domains ending up with structured monomers and (iii) association to form 
the correct stoichiometry and geometry of the native quaternary structure [2]. 
There persist a number of reasons why the possession of multisubunit proteins might 
be advantageous to an organism. There are many more; only a few are summarized here: 
(I) The presence of multiple subunits confers the possibility of (allosterically) regulating 
the catalytic activity of enzymes; (2) in the case of multienzyme complexes, the catalytic 
efficiency of sequential reactions may be drastically enhanced; (3) active sites of 
enzymes are often composed of separate polypeptide chains so that catalysis requires 
subunit association; (4) because small proteins commonly expose substantial 
hydrophobic surface area, in many cases association of subunits has been shown to 
contribute to protein stability; (5) economy regarding the size of gene which allows the 
si/c of structural genes for macro assemblies to be minimized;(6) along the same line; 
elimination of misfolded polypeptide chains as building blocks in assembly structures 
(7) large-size assemblies reduce osmotic effects. 
Effect of Cosolvents on Multimeric proteins 
How important are effect of cosolvents in determining the conformations of multimeric 
proteins? Analyzing the structural features of multimers is one way to elucidate how 
proteins fold and, particularly, to understand dominant role of different intermediate 
states formed at particular stages of folding. Studies on alcohol effects provide insights 
into biologically important events because the alcohol solution mimics the environment 
of biomemebrane [3] modifies folding pathway of proteins [4, 5] and induces the 
assembly of biologically relevant peptide [6, 7]. Possible mechanisms by which alcohol 
based cosolvents affect polypeptide structure include the enhancement of polypeptide 
internal hydrogen bonding, the disruption of water structure and lessening of the 
hydrophobic effect, the penetration of cosolvent molecules into the protein core and 
preferential salvation of certain groups of the polypeptide chain. 
Hemocyanin is a high molecular weight respiratory metalloprotein found in the 
hemolymph of many Mollusks and Crustaceans [8]. The O2 binding site of hemocyanin 
contains two copper ions resulting in the apparent blue colour on exposure to air [9, 
10]. Molluscan hemocyanin is based on an approximately 400 kDa polypeptide subunit 
that is folded into a chain of multiple, immunologically distinct domains, each with a 
binuclear copper site. KLH, the hemocyanin from the giant keyhole limpet Megathura 
crenulata is the most widely used carrier protein. It is an extremely large protein (6 -
7.5 million daltons) that can exist as an eicosamer, multidecamers, or flexible tubules of 
varying length [11, 12], 
MATERIALS A N D METHODS 
Materials 
Keyhole limpet hemocyanin (KLH), [lot no. H8283]; l-anilino-8-naphthalene sulfonic 
acid was purchased from Sigma Chemical Co. USA. Guanidine hydrochloride (GnHCl) 
was obtained from Sisco Research Laboratories, India. All other reagents used in the 
study were of analytical grade. 
Determination of protein concentration 
1% 
Protein concentration was determined spectrophotometrically using E icmof 2.10 at 280 
nm on a Hitachi spectrophotometer, model U- 1500 or alternately by method of Lowry et 
alll3]. 
pH induced unfolding studies 
Stock protein solution was prepared by exhaustive dialysis of hemocyanin against double 
distilled water. SO^ il of protein stock solution were mixed with 1950|il of corresponding 
buffers: 20mM sodium phosphate buffer (pH 7.4 -5.8), 20mM sodium acetate buffer (pi I 
5.4-3.6), and 20mM Glycine- HCl buffer (3.4-1.2). The final solution mixture was 
incubated for 4-6 hrs at room temperature before optical measurements. 
CD measurements 
CD measurements were carried out with a Jasco spectropolarimeter, model J-720 
equipped with a microcomputer. The instrument was calibrated with d - 10-
camphorsulphonic acid. All the CD measurements were made at 25''C with ii 
thermostatically controlled cell holder attached to Neslab's RTE - 110 water bath with an 
accuracy of ± 0.1 "^ C. Spectra were collected with scan speed of 20-nm/min and response 
time of 1 sec. Each spectrum was the average of four scans. Far UV CD and near U V CD 
spectra were taken at protein concentrations of 1.8-2.0 fiM and 20 |iM with a 1 mm and I 
cm path length cell respectively. The results were expressed as MRE (Mean Residue 
Ellipticity) in deg. cml dmol'' which is defined as MRE = Gobs X MRW / (10 x I x C) 
where Gobs is the CD in milli-degree, MRW is the mean residual weight (115), I is the 
path length of the cell and C is the concentration of the protein. 
Helical content was calculated from the MRE values at 222 nm using the following 
equation as described by Chen et al. [14]: 
% a-helix = [(MRE222nm-2340)/30300] x 100 
Fluorescence Measurements 
Fluorescence measurements were performed on Shimadzu spectrofluorimeter, model 
RF-540 equipped with a data recorder DR-3. The fluorescence spectra were measured at 
25 ± 0.1° C with a i cm path length cell. The excitation and emission slits were set at 5 
and 10 nm respectively. Intrinsic fluorescence was measured by exciting the protein 
solution at 280 or 295 nm and emission spectra was recorded in the range of 300^00 
nm. A stock solution of ANS was prepared in distilled water and its concentration was 
determined using an extinction coefficient of SM = 5000 M"'cm'' at 350 nm. For ANS 
fluorescence in the ANS binding experiments, the excitation was set at 380 nm and the 
emission spectra were taken in the range of 400-600nm. 
Acrylamide quenching 
In the quenching experiments, aliquots of 5M-quencher stock solution were added to a 
protein stock solution (5 mg.ml') and the protein solution was further diluted 10 times to 
make the total solution to be 3 ml to achieve the desired range of quencher concentration 
(0.1-lM). Excitation was set at 295 nm in order to excite tryptophan residues only and 
the emission spectrum was recorded in the range 300-400 nm. The decrease in 
fluorescence intensity at corresponding A^ ax was analyzed according to the (i) Stern-
Volmer and (ii) modified Stem-Volmer equation [15]. 
FO/F- l+Ksv[Q] (i) 
FO/FO-F=l/(Kc[Q].fa)+l/fa (ii) 
where Fo and F are the fluorescence intensities at an appropriate wavelength in the 
absence and presence of quencher respectively, Ksv is the Stem-Volmer constant, fa is the 
fraction of the tryptophans accessible to the quencher, Kc is the coUisional quenching 
constant and Q is concentration of the quencher. 
Thermal stability studies 
To determine the thermal stability of the intermediate state relative to the native stale, 
ellipticity changes at 222nm were measured as a function of temperature. Temperature 
was continuously varied from 20 to 95 °C at a constant rate by carefully adjusting the 
heating control of the water bath. Measurements were made after 5 min. to allow for 
thermal equilibration at the desired temperature. 
TFE- and ACN-induced unfolding 
To study the effect of cosolvents on the concentration of KLH at pH7.4 and 2.8, different 
volumes of concentrated alcohols (% v/v) were added to the protein solution taken in 
diVicrenV volumes of the buffer so as to get the desired concentration of the alcohols. The 
final volume in each tube was 1.0 ml. All the spectroscopic measurements were made 
after 6 h of incubation at room temperature 
Dynamic Light Scattering Studies 
Dynamic light scattering measures the rate at which particles move by Brownian motion, 
with larger particles moving more slowly. By shifting the data by small interval t (t), we 
can see how the pattern correlates. Eventually as the particles move around, there is no 
correlation between the current fluctuation pattern and the original one. The shape of 
correlation function is inverse exponential. The rate of the exponential decay is inversely 
proportional to the size of the particles because smaller particles move faster. From llie 
decay rate it is possible to calculate the hydrodynamic radius using Stokes's Einstein 
equation. 
Rh=kT/(6nTiD) (iii) 
Dynamic light scattering measurements were done using RiNA laser spectroscatter 
201 operating at wavelength 660nm and illuminated by lOOmW laser diode. The samples 
were spun at lOK for lOminutes and filtered through polyvinylidene difluoride filters 
(Millipore). The purified and lyophilized samples were used for the measurements. The 
protein concentration used was 2mg/ml. The samples were injected manually into the 
flow cell (30^iL). The protein was dissolved in 20 mM sodium phosphate buffer of pll 
7.4. 20 mM Glycine- HCl buffer of pH 2.8 and 20 mM Glycine- HCl buffer of pH 1.2 for 
DLS measurements. 
CHAPTER 1 
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Acid Induced Unfolding of Eicosameric Keyhole 
Limpet Hemocyanin: Detection and 
Characterizations of Decameric and Pentameric 
Intermediate States 
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1.1 Introduction 
To understand protein folding, considerable amount of effort has been focused 
on the identification and characterization of intermediates populated during the 
folding/unfolding process of the proteins. As it is believed that such intermediate 
states will provide useful information in understanding the mechanism of protein 
folding, studies on acid denaturation of various proteins have revealed intermediate 
structures with characteristics between native and denatured states. One such 
intermediate is molten globule (MG) state which is compact denatured structure with 
(i) the presence of native protein like secondary structure, (ii) the absence of most of 
the specific tertiary structure produced by the tight packing of side chains, (iii) the 
presence of loosely packed hydrophobic core that increases the hydrophobic surface 
accessible to solvent [16-18]. Molten globule conformation under various denaturing 
condition has been reported for several proteins from our lab [19-29] and by several 
investigators over the world [30-33] including MG states in such proteins as alpha-
lactalbumin [34], carbonic anhydrase [35], myoglobin [36,37], SNase [38], retinol 
binding protein [39,40] and many others which in fact helped the formulation of the 
molten globule state concept. The role of such conformations in the protein folding 
process and pathway of protein folding has been discussed. Most of these studies 
were devoted to characterization of MG state in monomeric proteins [41-43]. Only 
few reports were available for the proteins containing multiple subunits [23, 44]. 
From best of our knowledge this is the first report on the conformation and 
dissociation of eicosameric protein. 
In this study fluorescence spectroscopy, circular dichroism (CD) and 
dynamics light scattering were combined to study the structural changes of KLH 
induced by low pH. Information obtained from this study will be helpful to the 
understanding of folding and association of KLH in particular and very large 
multimeric proteins in general. 
1.2 Results and Discussions 
To understand the connection between folding and assembly of very large proteins, 
it is important to track the relation between local and global change that affect the 
association state of the protein. Hence, we are presenting conformational behaviors of 
hemocyanin molecules in acidic solutions. For this purpose, we have used far-UV CD as 
a probe for secondary structure, multiple probes for tertiary structure, and DLS to probe 
its subunit status 
1.2.1 Circular dichroism 
Changes in the secondary structure of hemocyanin as a function of pH were followed by 
far UV-CD measurement in the region between 200-250nm. CD spectrum for the native 
hemocyanin (pH 7.4) has two minima, one at 208 and other at 222nm, which is the 
characteristic feature of a- helical protein (fig lA, curve 1). The protein was found to 
contain approximately 14% a- helical structure as calculated by method of Chen el al 
[14]. Far UV-CD spectra of the protein at pH 1.2 (curve 3) retained almost all features of 
the native protein. On the other hand, at pH 2.8 (curve 2) spectral features of the protein 
resembled rnore to GnHCl denatured protein but significant amount of CD signal has 
been retained at pH 2.8 as compared to 6M GnHCl denatured protein (curve 4). Acid 
induced secondary structural changes of hemocyanin were also monitored by 
measurements of MRE at 222nm (fig IB). As can be seen from the figure, a co-operative 
transition from the native to unfolded state occurs in the vicinity of pH 2.8, reflecting 
about 21% loss of secondary structure. On further lowering of pH upto 1.2, hemocyanin 
regains almost all of the lost secondary structure due to effective shielding of repulsive 
forces by the anions. Thus, the acidic pH induced transition was found to follow three 
state transitions. The protein was found to maximally unfolded around pH 2.8 and native 
like secondary structure reformed around pH 1.2. 
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Figure 1 (A) Far UV-CD spectra of hemocyanin: Native protein at pH 7.4 (curve 1), molten globule 
state at pH 2.8 (curve 2), packed folded conformational state at pH 1.2 (curve 3) and 6iVI 
GnHC! denatured state (curve 4). (B) Effect of pH on the mean residue ellipticity (MRE) 
of hemocyanin. Ellipticiity was monitored at 222nm by far UV-CD. Protein concentration 
used was 0.25 mg/ml. 
1.2.2 ANS Fluorescence 
Binding of ANS to the hydrophobic regions of protein result in the increase in 
fluorescence intensity, which has been widely used to detect the molten globule state of 
different proteins [45, 23]. Fig. 2A shows the acid induced unfolding of hemocyanin as a 
function of pH (1.0-7.4) monitored by ANS fluorescence at 480nm. As seen in the figure, 
ANS fluorescence was minimum in the pH range 7.4- 5. Above pH 5 the ANS 
fluorescence intensity increased constantly with decrease in pH and maximum at pH 2.8. 
On further lowering the pH upto 1.2, slight decrease in the ANS fluorescence intensity 
was observed. 
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Figure 2 (A) ANS fluorescence of hemocyanin 
as a function of pH. (B) Fluorescence 
emission spectra of ANS bound to 
native protein at pH 7.4 (curve 1), 
molten globule state at pH 2.8 (curve 
2), packed folded conformational state 
at pH 1.2 (curve 3) and completely 
denatured protein in 6M GnHCl 
(curve 4). 
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The ANS fluorescence at pH 1.2 was still significantly high compared to native and/or 
completely unfolded protein. Comparative emission fluorescence spectra in the 400-600 
nm range are shown in fig. 2B. The A^ ax of ANS fluorescence at pH 1.2 (curve 3) Is 
decreased relative to native (curve 1) and molten globule state of protein at pH 2.8 (curve 
2). Thus blue shifted fluorescence indicated burial of bound ANS due to the 
reorganization of protein secondary structure. Taken together we may suggest that 
hemocyanin exists in molten globule state (MG) at pH 2.8, which reorganized into a 
packed folded conformational state (N*) at pH 1.2. 
12 
1.2.3 Intrinsic t ryptophan fluorescence 
The spectral features of tryptophanyl fluorescence (X^ ax and Intensity) are dependent 
on the dynamic and electronic properties of the chromophore environment; hence steady 
state tryptophan fluorescence has been extensively used to obtain information on the 
structural changes of the protein [46, 23]. The alterations of microenvironmenl of 
tryptophan residues of KLH have been monitored by studying the changes in the intensity 
and ?v,nax of tryptophanyl fluorescence as a function of pH (fig. 3A &3B). 
345 
343 , 
341 
339 
4 
pH 
Figure 3 Tryptophan fluorescence (A) Relative fluorescence intensity of tryptopiian 
residues at 340nm in hemocyanin as a function of pH, X,^  = 280 nm. (B) Cliange 
in tlie emission wavelengtii maximum (X„,„) as function of pH, X,, = 280 nm. 
The fluorescence intensity at 340 nm and Xmax showed no apparent change between pH 
7.4 and 4.0 and when pH was decrease below 4.0, fluorescence intensity increased 
markedly with a red shift of 4nm upto pH 2.8. Further, no apparent change in 
fluorescence intensity was observed in the pH range 2.8-1.2, while A^ ax is blue shifted by 
2nm. A red shift of 4nm in the pH range 7.4-2.8 indicated that the microenvironment of 
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tryptophanyl residue was getting more polar. The intrinsic fluorescence emission spectra 
of KLH at pH 7.4 (native state), pH 2.8 (molten globule state), pH 1.2 (packed folded 
conformational state) and in presence of 6M GnHCl are depicted in fig.4A and B after 
exciting the protein at 280 and 295 nm respectively. 
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Figure 4 Fluorescence emission spectra of hemocyanin when the protein was excited at 280 
nm (A) and 295 nm (B). Hemocyanin in the native state at pH 7.4 (curve 1), 
molten globule state at pH 2.8 (curve 2), packed folded conformational state at pH 
1.2 (curve 3) and in the presence of 6M GnHCl (curve 4). 
The increase of tryptophanyl fluorescence in the pH range may be due to relief of 
quenching of some tryptophanyl residues because of unfolding of the protein in these pH 
regions. The partial unfolding of the KLH in these pH regions was also supported by far 
UV-CD which indicates some loss of secondary structure. 
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1.2.4 Acrylamide quenching 
The fluorescence properties of Trp residues can be used to obtain topological information 
of proteins. Fluorescence quenching of the tryptophanyl residues by neutral quencher 
(acrylamide) has been shown to be useful to obtain information about the solvent 
accessibility of these residues in proteins and the polarity of their microenvironment [15]. 
Fig. 5A and B depicts the Stem- Volmer and modified Stem- Volmer plots for the 
acrylamide quenching studies performed on the native (pH 7.4) , MG (pH 2.8), N* (pH 
1.2) and unfolded (6M GnHCl) states. 
Figure 5 Acrylamide quenching: Stern-volmer (A) and modified Stern-Volmer (B) plots for 
liemocyanin at native pH 7.4 (•), paclced folded conformational state at pH 2.8 
(•), molten globule state at pH 1.2 (A) and 6M GnHCl state (x). 
The values of Stem- Volmer constant (Ksv) and fractional accessibility of Trp residues to 
quencher (fa) were calculated from the above plots and are presented in Table II. It was 
interesting to note that Kjv for MG state (Ksv= 5.2) was found to be markedly higher 
compared to N state (Ksv=0.70) and was accompanied by a red shift in Xmax from 340 to 
15 
344 nm of Trp, this is also supported by increase of fa from 0.47 to 1, when pH is 
decreased from 7.0 to 2.8. These results indicated that Trp residues in MG state were 
completely accessible to the quencher. It can also be noted that in 6M GnHCl wherein 
protein was considered to exist in a random coil conformation have Ksv and fa (11,52 & 
1.13) much higher than the acid unfolded state. 
TABLE II 
Fluorescence parameters (Ksv and fa) for acrylamide quenching of Keyhole Limpet 
Hemocvanin 
pH K,v [M-*] fa (%) 
7.4 0.7017 0.4766 
2.8 5.1913 1.0463 
1.2 1.4217 0.5575 
6MGnHCI 11.511 1.1273 
These results together with intrinsic fluorescence indicated that N* state at pH 1.2 
possesses Trp residues microenvironment, closed to native protein [37, 39]. As shown in 
table I, fractional accessibility of the acrylamide to the Trp residues of KLH follow the 
following order: 
U > MG (pH 2.8) >N* (pH 1.2) > N 
This also indicates the comparative compactness of these states. 
1.2.5 Near UV-CD 
To study the tertiary structural alterations in more detail CD measurements in the near 
UV region were performed at pH 7.4, 2.8, 1.2 and in presence of 6M GnHCl (Fig. 6). 
Near UV-CD spectra of native KLH (pH 7.4) showed two maxima at 290 and 281 nm 
and 3 minima at 296, 290 and 269 nm. This indicates that the main contribution to the 
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near UV- CD spectrum of native KLH were due to the Trp and Tyr residues [35]. In the 
molten globule state at pH 2.8 there was an increase of signal and loss of fine structure, 
which are present in native protein. 
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Figure 6 Near UV-CD spectra of hemocyanin in the native state (curve 1), packed folded 
conformational state at pH 2.8 (curve!), molten globule state at pH 1.2 (curve 3) 
and completely denatured state in 6M GnHCl state (curve 4). Spectra were 
recorded in the wavelength region 250-300nm. Protein concentration used was 
0.5 mg/ml. 
The near UV-CD spectrum of molten globule state resembles more to the GnHCl 
denatured protein, although it retained significant amount of signal compared to GnHCl 
unfolded protein. At pH 1.2, regain in the ellipticity was observed and the protein at pH 
1.2 showed almost equivalent amount of tertiary structure compared to native KLH. 
Characteristic near UV-CD features of native KLH as mentioned above were not 
olisiii vcd suggesting tertiary structure formed in N* state was non- native one. 
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1.2.6 Thermal StabiUty Studies 
Figure 7 showed the temperature induced unfolding of KLH at pH 7.4, 2.8 and 1.2 by CD 
measurements at 222 nm. As can be seen from the figure, temperature induced unfolding 
transitions of native and MG states are cooperative and weakly cooperative processes, as 
they are characterized by well-defined post and pre transition regions. Temperature 
induced unfolding of KLH at pH 2.8 showed gradual increase in CD at 222 nm indicating 
continuous loss in the secondary structure content in the temperature range 20-80°C. This 
result showed that unfolding of acid unfolded state is non-cooperative. Similar 
temperature induced unfolding behaviors of the KLH at pH 7.4 and 1.2 could be 
explained on the basis of ordered secondary structure of these state. On the other hand, 
non-cooperative unfolding of KLH at pH 2.8 may be due to unfolded secondary structure 
as described in the far UV-CD section. 
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Figure 7 Temperature dependence of CD spectrum of hemocyanin. Native state at pH 7.4 ( • ) , 
molten globule state at pH 2.8 (D), packed folded conformational state at pH 1.2 (A). 
Experiments were carried out in the temperature range 20-95 °C. 
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TABLE III 
Suiiiiniiry of different spectral properties of Keyhole Limpet Hemocyanin: 
Variable 
M R E 221nn' 
% a-Helix 
Ext 280nin'' 
RFl34onm 
^nax 
Ext. 295nm'' 
RFl34onm 
^ n i i K 
Ext. 380 nm 
RFl48onm 
^nax 
Cooperativity 
(Thermal 
transition) 
Near UV-CD 
Shoulders(iim) 
Minima (nm) 
Native State 
(pH 7.4) 
-6,502 
13 
100 
331 
100 
332 
0.5 
498 
Cooperative 
290&281 
269,285&296 
Molten globule 
State 
(pH 2.8) 
-5,146 
9.2 
386 
340 
240 
344 
43 
482 
Non 
cooperative 
271&287 
268&292 
Packed Folded 
Conformational State 
(pHl.2) 
-6,533 
14 
393 
331 
137 
334 
22.6 
480 
Cooperative 
267,278&296 
Z72,283&287 
6M GnHCl 
Denatured 
State 
-590 
-
518 
348 
348 
356 
0.8 
502 
-
261&279 
275&283 
' MRE= deg.cm^ dmol"' 
'' I'luorescence of native protein was taken as 100% 
1.2.7 Phase Diagram Method 
The traditional approach to verify the accumulation of an intermediate state during the 
protein unfolding or refolding is to compare the unfolding curves detected by different 
biophysical methods sensitive to the different structural levels of a protein molecule, the 
noncoincidence of such curves is considered as an argument in a favor of the intermediate 
state accumulation [47]. Figure 8 represents a phase diagram for the pH-induced 
conformational changes induced in KLH. This diagram being plotted as dependence of 
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fluorescence intensity at 340 nm on MRE 222nm possesses two linear parts, i.e. it indicates 
the existence of two subsequent transitions N—»^  MG —> N*. 
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Figure 8 Phase diagram representation [fluorescence intensity at 340 nm versus MRE222nni 
(deg.cm^dmol')] of the pH induced conformational changes in KLH. 
1.2.8 Dynamic Light Scattering 
KLH displays different oligomeric states and stabilities. At pH 7.4, KLH exist as 
eicosamer shows hydrodynamic radii of 28.22nm which is approximately equal to 
molecular mass of 8.83 MDa (fig. 9). KLH eicosamer dissociates to decamer (4.87 MDa) 
corresponding to hydrodynamic radii of 22.02nm at pH 2.8. At pH 1.2, it further 
dissociates to pentamer (2.4MDa) corresponding to hydrodynamic radii of 16.47 nm. 
Thus, KLH dissociates with decreasing pH and get dissociated into different stable 
subunit states. From this data, it appears that average molecular mass of KLH is 
8.83MDa which is slightly higher than reported. [48], therefore we can conclude that our 
sample contain KLH 1 subunit that exists primarily in multimeric state. 
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Figure 9 Measurement of molecular dimension and hydrodynamic radii of KLH at 
different pH values (7.4, 2.8 and 1.2). 
1.3 Conclusion 
DLS combined with a variety of biophysical methods, such as fluorescence, phase 
diagram and Circular Dichroism were used to monitor the changes in conformation and 
association state of KLH induced by low pH. Two structurally distinct species were 
induced by acid. One is the MG like state (decamer) at pH 2.8 and the other one is a 
pentamer accumulated at pH 1.2. The state obtained at pH 1.2 is less organized at 
quaternary level but more organized at tertiary structure level. It may indicate that some 
folding and association might be independent at different level of assembly. It is firmly 
established that the equilibrium intermediates closely correlate with the kinetic folding 
intermediate and therefore this finding of the equilibrium intermediates accumulated at 
pH 2.8 and 1.2 are important for a better understanding of KLH. 
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N State 
KLH -Eicosamer 
(pH 7.4) 
• Mol wt. = 8.83 MDa 
• Rh= 28.22 nm 
MG State 
KLH - Decamer 
(pH 2.8) 
• Mol wt. = 4.87MDa 
• Rh= 22.02 nm 
N* State 
KLH - Pentamer 
(pHI.2) 
• Mol wt. = 2.425 MDa 
• Rh= 16.47 nm 
A proposed model summarizing the dynamic clianges in KLH oligomerization that occurs 
at different pH values (7.4,2.8 and 1.2). A KLH multidecamer is depicted centrally. 
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CHAPTER 2 
Cosolvents Induced Unfolding of Keyhole 
Limpet Hemocyanin: Characterization of 
Intermediate States in Eicosameric and 
Decameric Form 
2.1 Introduction 
Protein folding is arguably the most important process studied in biophysics and 
structural biology because it converts linear polypeptide chains into three-dimensional 
structures that endow proteins with all their vital activities [49-51]. Studying the 
structural and conformational transitions of proteins in dependence on solvent conditions 
is thus a pertinent way to elucidate their stability, folding pathways and intermolecular 
aggregation behaviour. Alcohols mainly disrupt the native tertiary structure by 
weakening hydrophobic interactions and strengthening helical propensities [52]. Thus 
cosolvents like 2, 2, 2 trifluoroethanol (TFE) and acetonitrile (ACN) have been used not 
only in order to promote the formation of helical and sheet structure respectively in 
protein fragments and peptides [53-56] but in many other instances such as 
transformation of proteins into molten globule-like intermediates [57-61] and the 
stabilization of intermediate structures of proteins [62]. Recent investigations have dealt 
with the influence of cosolvents on the folding kinetics of proteins [63-65], and the a-P 
transition of proteins [66, 67]. Analyzing the structural features of intermediate states is 
one way to elucidate how proteins fold and, particularly to understand which forces play 
a dominant role at particular stages of folding. Alcohols are known to weaken non-local 
hydrophobic interactions while promoting local polar interactions [68, 69]. Therefore in 
many cases alcohol induced unfolding is accompanied by stabilization of the extended 
helices in which hydrophobic side chains are exposed but the polar amide groups are 
shielded from the solvent [70,52]. A recent report describes the existence of a native like 
P structure in the partially folded state of tendamistat induced by TFE [71]. Moreover 
alcohols induce significantly higher helical structure in a partially or completely unfolded 
protein as compared to folded protein [72]. 
We have studied the structural and stability changes associated with alcohol-induced 
unfolding of multimeric protein like keyhole limpet hemocyanin (KLH) to study the 
conformational transitions induced by an increasing volume of TFE and ACN in 20mM, 
Sodium phosphate buffer (pH 7.4) and Glycine-HCl buffer (pH 2.8). 
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The earlier results have indicated that the equilibrium folding pathway can be 
summarized by the following mechanisms: 
N (pH 7.4) -^ MG (pH 2.8) -^ N*(pH 1.2) 
According to this mechanism, two structurally distinct species were induced by acid. One 
is the MG like state (decamer) at pH 2.8 and the other one is a pentamer accumulated at 
pH 1.2. This was inferred on the basis of circular dichroism spectra taken in the far as 
well as near UV region and fluorescence studies. 
The aim of our work is to give further evidence of how cosolvents may act on 
multimeric protein; we will demonstrate the essential structural changes of KLH appear 
well before the critical concentration for aggregate formation of alcohol molecules is 
reached. In order to extend our understanding of folding pathways, it would be of 
considerable value to study a wider range of folded intermediates. This might than 
provide information about species that occurs at other locations on folding pathways, or 
generate additional model systems for examining the range of ordered conformations that 
can be adopted by a given protein chain [73]. Estimation of molecular size and 
hydrodynamic radii is an important feature of our analysis, dynamic light scattering was 
employed. Herein, we present the effect of cosolvents (TFE and ACN) on native and MG 
states leading to the stabilization of other distinctly different intermediate structures. 
2.2 Results and Discussions 
2.2.1 Conformational and structural behaviour of Eicosameric and 
Decameric state of Keyhole limpet hemocyanin in T F E / water mixtures 
Binary mixtures of water with alcohols like 2, 2, 2-Trifluoroethanol (TFE) denatures the 
tertiary and the quaternary structures of proteins while enhancing their helicity [73-75]. 
In many cases alcohol-induced denaturation results in stabilization of extended helical 
rods in which the hydrophobic side chains are exposed, whereas polar amide groups are 
shielded from the solvent [52,70] .Due to these properties alcohols are now being 
commonly used to induce various folded states in proteins [57,58, 70,71,76]. 
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2,2.1.1 Far UV-circular dichroism (CD) measuremen t s : 
To understand the effect of fluorinated alcohol (TFE) in inducing helical structure on 
KLH, we have investigated aqueous mixtures of TFE at eicosameric (pH 7.4) and 
decameric (pH 2.8) states of Keyhole limpet hemocyanin at 25° C. Figure lOA and B 
shows the effect of increasing TFE concentrations (0- 90% v/v) on the far UV-CD spectra 
of KLH at pH 7.4 and 2.8 respectively. As can be seen from the fig. the spectrum of KLH 
at pH 7.4 has minima at 208 nm. The essential absence of minima at 222 nm indicated 
that the protein has low a-helical contents while the protein at pH 2.8 retained a 
significant amount of secondary structure. However, related to the protein at pH 7.4 
approximately 10 % decrease in CD value was noticed in the molten globule state in 
absence of TFE. Addifion of TFE upto 15% (v/v) at pH 7.4 and 20% (v/v) at pH 2.8 
seems to lead to the formation of helical structure. 
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Figure 10 Far UV-CD spectra of KLH preparations. Spectra of (A) native protein (pH 7.4) 
and (B) molten globule state at pH 2.8 in absence (curve 1), 20% (curve 2), 60% 
(curve 3, spectra A), 40% (curve 3, spectra B), 80% (curve 4), and 90% (curve 
5) (v/v) TFE concentration. 
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At pH 7.4 (fig.lOA) the protein was found to aggregate in the TFE concentration range 
20-50% (v/v) and above 50% TFE (v/v) the solution again becomes clear with 
absorbance ~ 0 at 350 nm while no aggregation was observed in the protein at pH 2.8 
(data not shown). Titration of the protein with increasing concentration of TFE as 
monitored at 222 nm is shown in fig. 11. Addition of TFE in the concentration range 60-
80% (v/v) to native KLH and upto 40% at pH 2.8 leads to a gradual increase in the CD 
value at 222 nm. However, spectral amplitude shows maxima at 80% (v/v) for pH 7.4 and 
at 40% (v/v) for pH 2.8. 
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Figure 11 Effect of increasing concentrations of TFE on KLH at native pH (•) and molten 
globule state at pH 2.8 (A) as monitored by changes in CD value at 222nm. 
For these peaks CD spectra are characteristic of highly a- helical structure with negative 
peak at 208 and 222 nm (curve 4, fig.lOA; curve 3, fig. 1 OB). Unexpectedly, an abrupt 
increase in the a- helical content was observed in these concentration ranges. The a-
helical content calculated by the method of Chen et al [14] for the native state at 80% 
(v/v) TFE and MG state at 40% (v/v) TFE have been summarized in table IV and was 
found to be 95% and 98% respectively. 
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2.2.1.2 ANS-protein complex fluorescence: 
We attempted to identify the presence of decameric form of KLH by investigating the 
binding of ANS to the protein under various concentrations of TFE. Fig. 12 shows the 
change in fluorescence emission intensity as a function of increasing concentration of 
TFE both at pH 7.4 and 2.8.As can be seen from the figure, ANS-protein complex 
fluorescence increases with increasing concentration of TFE in almost sigmoidal pattern 
indicating slight disruption of compact structure at the 80% (v/v) and 40% (v/v) range of 
TFli at pH 7.4 and 2.8 respectively. These observations suggest that hydrophobic patches 
of the protein expose to the solvent cooperatively. 
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Figure 12 Fluorescence emission spectra of ANS bound to KLH under different conditions. 
Effect of increasing concentration of TFE on native protein at pH 7.4 (•) and 
molten globule state at pH 2.8 (A) monitored by changes in fluorescence 
intensity at 480nm. 
Fig. 13A and B shows that ANS binds maximally to the protein in the presence of 80% 
(v/v) TFE concentration while there is little or no ANS binding in absence of TFE or in 
the presence of 6M GnHCl (curve 4, fig. 13A).The MG state also showed significantly 
higher ANS fluorescence than in absence of TFE (curve 1, fig. 13B). It can be noted that 
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TFE-induced state at pH 7.4 (formed at 80% concentration) showed higher ANS 
fluorescence -13% higher than state at pH 2.8 (formed at 40% concentration) .As ANS 
binds to hydrophobic surfaces on the protein with greater affinity, these observations 
suggest a remarkable increase in the number of solvent accessible non-polar clusters [77] 
in native state at 80% (v/v) and molten globule state at 40% (v/v) TFE. 
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Figure 13 Fluorescence emission spectra of ANS bound to KLH under different conditions. 
Spectra of (A) native state at pH 7.4 and (B) molten globule state at pH 2.8 in 
absence (curve 1), 80% TFE (curve 2, spectra A), 40% TFE (curve 2, spectra B), 
90% TFE (curve 3) and 6M GnHCl (curve 4). 
Very low binding of ANS to KLH at pH 7.4 is apparently related to nonavailability of 
accessible hydrophobic clusters which increases in MG state in absence of TFE or in the 
presence of 6M GnHCl (curve 4). The alcohol induced unfolded states of KLH obtained 
in the presence of 80% (v/v) TFE at pH 7.4 and 40% (v/v) TFE concentrations at pH 2.8 
were further characterized by intrinsic fluorescence, near UV-CD probes for detecting 
changes in tertiary structure of the protein. 
28 
2.2.1.3 Intrinsic Tryptophan fluorescence: 
Fig. 14 shows the titration of KLH at pH 7.4 and 2.8 in the presence of increasing 
concentrations of TFE % (v/v) in the 300-400 nm range after exciting the protein at 280 
nm. Decrease in Fluorescence intensity without any shift in energy maxima at lower TFE 
concentration, may be ascribed to loss of tertiary structure of the protein. Above 10% 
TFE (v/v) for pH 7.4 and 15 % (v/v) TFE for pH 2.8, unfolding transitions are 
monophasic with both pre and post transition like region. 
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Figure 14 Intrinsic emission spectra of KLH under different conditions. Effect of 
increasing concentration of TFE on native protein at pH 7.4 (•) and molten 
globule state at pH 2.8 (A) as monitored by changes in fluorescence intensity at 
340 nm. 
The TFE induced unfolding profile has post transition region in concentration range 80-
90% (v/v) at pH 7.4 while that of pH 2.8 exist in a wide range of 50-90% (v/v) 
concentration. Fig 15 A and B shows the fluorescence spectra of KLH at pH 7.4 and 2.8 
respectively at increasing concentrations of TFE and completely denatured protein in the 
presence of 6M GnHCl in 300-400 nm range after exciting the protein at 280 nm. We 
observe an increase in the tryptophanyl fluorescence and red shift in wavelength 
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maximum of about 8 nm (332 to 340 nm) when comparing of the protein at pH 7.4 (curve 
1, fig.lSA) and pH 2.8 (curve 1, fig.lSB) in absence of TFE indicating the presence of 
buried tryptophan residues and microenvironment is getting more polar. 
100.0 
300 400 
Wavelength (nm) 
100.0-
& 
< 
^ 
di 
-*>> 
a h^ 
<u 
u 
s 
a> 
u 1/) 
9J 
U 
o 3 
8 0 . 0 -
6 0 . 0 -
40.0-
20.0 
0.0 
300 400 
Wavelength (nm) 
Figure 15 Intrinsic emission spectra of KLH under difTerent conditions. Spectra of (A) 
native state at pH 7.4 and (B) molten globule state at pH 2.8 in absence (curve 
1), 80% TFE (curve 2, spectra B), 40% TFE (curve 2, spectra C), 90% TFE 
(curve 3) and 6M GnHCI (curve 4). 
In addition it can be noted that emission maxima red-shifted by 7nm (for pH 7.4) and 8 
nm (for pH 2.8) in the presence of 80% and 40% (v/v) TFE respectively, further 
suggesting that the protein is adopting a somewhat more unfolded conformation at these 
concentrations .These results are also indicative of TFE denatured states of KLH existing 
at 80% (v/v) and 40% (v/v) TFE at pH 7.4 and pH 2.8 respectively. 
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2.2.1.4 N e a r UV-Circular Dichorism Measurements : 
To study the tertiary structural alterations in more details CD measurements in the near 
UV region which infer to tertiary structure, were performed with increasing concentration 
of TFE and results are shown in fig. 16 where CD at 290 nm is plotted versus TFE 
concentration at two different pH values (7.4 and 2.8). 
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Figure 16 Effect of increasing concentration of TFE on native protein at pH 7,4 (•) and 
molten globule state at pH 2.8 (A) as monitored by changes in CD value at 290 
nm. 
As can be seen from the figure there is no significant change in CD values both at pH 7.4 
and 2.8, thus indicating that these states have retained considerable amount of tertiary 
structure under low concentration of alcohol. However, decrease in the CD290 value 
indicates loss of tertiary structure due to dissociation of native eicosameric state (pH 7.4) 
at 80% (v/v) TFE to decamers (pH 2.8) at 40% (v/v) TFE. 
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Fig. 17A and B shows near UV-CD spectra of native and molten globule state 
respectively in the presence of different concentrations of TFE. KLH at pH 7.4 (curve 1, 
fig.l7A) shows a maxima at 290 nm, indicating that spectrum is dominated by 
tryptophanyl and tyrosine residues [33]. In the molten globule state (curve 1, fig.l7B) 
there was an increase of signal and loss of fine structure, which are present in native 
protein resembling more to the GnHCl denatured state (curve 3, fig.l7A). 
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Figure 17 Near UV-CD spectra of KLH at (A) pH 7.4and pH 2.8 (B) in absence of TFE 
(curve 1), in presence of 80% (v/v) TFE (curve 2, spectra A), 40% (v/v) TFE 
(curve 2, spectra B) and 6 M GnHCl (curve 3), 
It is interesting to note that for pH 7.4 at 80% (v/v) TFE there was a significant increase 
in ellipticity with the spectrum resembling in absence of TFE, presumably due to the 
formation of a relatively compact structure. However complete loss of tertiary structure 
for pH 2.8 induced at 40% (v/v) TFE (curve 2, fig. 17B) further indicates the presence of 
intermediate denatured state. 
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TABLE IV 
Summary of the spectral properties of KLH in presence of 2, 2, 2 Trifluoroethanol 
(TFE): 
Variables 
Native state 
(pH7.4) 
0% (v/v) 80% (v/v) 
Molten globule state 
(pH 2.8) 
0% (v/v) 40% (v/v) 
CD222 nm 
% a-helices 
RFI480 nm 
RFl34onm' 
i^naJt (nm) 
CD 290 nm 
-13.65 
13 
0.5 
38.4 
331 
-0.25 
-69.81 
95 
90.0 
93.6 
338 
-0.17 
-9.89 
9.2 
43.0 
50.8 
340 
-1.80 
-64.09 
98 
78.1 
69.1 
348 
-4.93 
' Excitation wavelength 380nm 
^ Excitation wavelength 280nni 
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2.2.2 Conformational and structural behaviour of Eicosameric and 
Decameric state of Keyhole limpet hemocyanin in ACN / water mixtures 
Acetonitrile (ACN) is a mild solvent, which in some cases has been reported to induce (3 
sheet conformation in proteins [78-80]. It has been successfully employed to study the a-
helix to P-sheet conformational transition(s) in different monomeric and multimeric 
proteins. Hence, ACN is an apt solvent to verify the relationship between the induction of 
normative helical conformation and the inhibition of protein aggregation. The protein 
shows strong propensity to aggregate steadily beyond and acetonitrile concentration of 
50% v/v at pH 7.4 and 80% v/v at pH 2.8. In contrast to TFE, the aggregation profile of 
the protein in ACN shows only two phases and remains turbid even at higher 
concentrations of ACN. 
2.2.2.1 Fat UV-cifcular dichtoism (CD) measurements: 
To explore the structural change of KLH by addition of ACN, we measured far UV-CD 
spectra of KLH at pH 7.4 and pH 2.8 solutions with varying concentrations of ACN. 
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Figure 18 Far UV-CD spectra of KLH preparation. Spectra of (A) native protein (pH 7.4) 
and molten globule state (pH 2.8) in absence (curve 1), 20% (curve 2), 40% 
(curve 3, spectra A), 60% (curve 3, spectra B) and 70% (curve 4, spectra B) v/v 
ACN concentrations. 
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It is interesting that the intensities of these absorption peaks derived from the a-helical 
conformation were reduced with increase in ACN concentrations, indicating that the a-
helix contents of KLH molecules was decreased and the molecules were unfolded. With 
increasing concentrations of ACN (0%-40%) P-sheet propensity goes on increasing while 
on further increasing the alcohol concentration, the protein underwent aggregation and 
hence could not be examined. 
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Figure 19 Effect of increasing concentrations of % (v/v) ACN on KLH at native pH (•) and 
molten globule state at pH 2.8 (A) as monitored by changes in CD value at 
215nm. 
In native state at 40% (v/v), fig.lSA and MG state at 70% (v/v) fig.lSB, the amounts of 
ACN could be sufficient to significantly unfold some a-helical structures in hydrophobic 
domains, thereby improving their hydration or self-association. Titration of native and 
MG states with increasing concentrations of ACN was also monitored at 215 nm (fig. 19) 
indicating the accumulation of secondary structure at higher concentrations of ACN. 
Clearly in Fig. 19, the fraction of a-helical content decrease remarkably at ACN 
concentrations above 40 % (v/v) for pH 7.4 and above 70 % (v/v) for pH 2.8, while those 
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of P-sheet contents increases at the same concentration of ACN. Tlie main change of 
secondary structure of protein from a-helix to P-sheet at a higher ACN concentration 
region strongly supports the association of KLH molecules while a-helix and small 
intermolecular bonds are unfolded. Far UV-CD curves representative of helix formation 
could not be observed at any ACN concentration. 
2.2.2.2 ANS-protein complex fluorescence 
ANS fluorescence was used to monitor the conformational changes associated with the 
native (pH 7.4) and molten globule state (pH 2.8) with increasing concentrations of ACN, 
as ANS is a widely used hydrophobic probe for the detection of non-native intermediate 
conformations of multimeric proteins. Titration of native and MG state with increasing 
concentrations of ACN as studied by ANS binding at 480 nm (fig.20) indicates abrupt 
increase of fluorescence intensity. At concentrations higher than those reported in the fig. 
20 the protein underwent precipitation and hence could not be examined. 
Aggregation starts 
at 80% 
20 40 60 
% (VAO ACN 
80 
Figure 20 Fluorescence emission spectra of ANS bound to KLH under different conditions. 
Effect of increasing concentration of TFE on native protein at pH 7.4 (•) and 
molten globule state at pH 2.8 (A) monitored by changes in fluorescence 
intensity at 4S0 nm 
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As seen in the fig. 21A and B, ANS fluorescence is enhanced with increasing 
concentrations of ACN indicating the exposure of hydrophobic patches. In case of 
eicosameric form of protein (fig.21A) maximum ANS binding is found at 40% (v/v) 
ACN while for decameric form of protein (fig.21B) maximum ANS binding is observed 
at 70% (v/v) ACN indicating that there occurs an intermediate state at these 
concentrations in which hydrophobic patches are exposed. 
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Figure 21 Fluorescence emission spectra of ANS bound to KLH under different conditions. 
Spectra of (A) native state at pH 7.4 and (B) molten globule state at pH 2.8 in 
absence (curve 1), 20% ACN (curve 2), 40% ACN (curve 3, spectra A), 70% 
ACN (curve 3, spectra B) and 6M GnHCl (curve 4). 
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2.2.2.3 Intrinsic t ryptophan fluorescence 
Fig. 22 shows the ACN induced conformational transition of native (pH 7.4) and MG 
states (pH 2.8) were also monitored by the measurements of relative fluorescence 
intensity at 340 nm after exciting the protein at 280 nm. 
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Figure 22 Intrinsic emission spectra of KLH under different conditions. Effect of increasing 
concentration of TFE on native protein at pH 7.4 (•) and molten globule state at 
pH 2.8 (A) as monitored by changes in fluorescence intensity at 340 nm. 
Fig. 23A and B shows intrinsic fluorescence intensity which goes on increasing 
accompanied by a insignificant red shift of X-max with increasing ACN concentrations 
suggesting the exposure of aromatic residues could be attributed to the conformational 
changes in the vicinity of tryptophan residues, presumably due to internalization in a 
more hydrophobic environment with the formation of p sheet like structure as is shown 
from the far UV-CD studies. Thus, from CD and fluorescence studies taken together we 
can conclude that at pH 7.4 and pH 2.8 KLH exists as an intermediate state with 
unordered secondary structure and disrupted tertiary structure. 
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Figure 23 Intrinsic emission spectra of KLH under different conditions. Spectra of (A) 
native state at pH 7.4 and (B) molten globule state at pH 2.8 in absence (curve 
1), 20% ACN (curve 2), 40% ACN (curve 3, spectra A), 70% ACN (curve 3, 
spectra B) and 6M GnHCl (curve 4). 
2.2.2.4 Near UV-circular dichroism (CD) measurements : 
Near UV-CD spectra in the region 250-300 nm were used to probe the asymmetry of 
aromatic amino acids and disulfide bridge environment. Fig. 24 shows the acetonitrile 
induced unfolding of KLH as monitored by measurements in the near UV-CD region at 
290 nm. The near UV-CD signal in KLH at 290 nm arises primarily from tryptophan 
residue. As can be seen from the figure, CD at 290 nm goes on increasing with increasing 
concentration of ACN indicating the loss in tertiary structure of the protein at both 
conditions (pH 7.4 and 2.8). Fig. 24A and B shows near UV-CD spectra of KLH at pH 
7.4 (native state), pH 2.8 (MG state) and in presence of 6M GnHCl. 
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Figure 24 Effect of increasing concentration of ACN on native protein at pH 7.4 (•) and 
molten globule state at pH 2.8 (A) as monitored by changes in CD value at 290 
nm. 
Under both conditions, the spectra of KLH in absence of ACN and 6M GnHCl are almost 
overlapping between regions 260 and 290 nm. 
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Figure 25 Near UV-CD spectra of KLH at (A) pH 7.4 and (B) pH 2.8 in absence of ACN 
(curve 1), in presence of 40% (v/v) ACN (curve 2, spectra A), 70% (v/v) ACN 
(curve 2, spectra B) and 6M GnHCl (curve 3). 
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As can be seen from the figure, unfolded states induced at 40% (v/v) ACN for native 
protein (curve 2, fig.25A) and 70% (v/v) ACN for molten globule state (curve 2, fig. 
25B) have lost almost all of its tertiary structure again indicating intermediate nature of 
these states. 
TABLEV 
Summary of the spectral properties of KLH in presence of Acetonitrile (ACN): 
Variables 
CD 215 nm 
RFI480 nm* 
RFl34onm^ 
^Tn»x (nm) 
CD 290 nm 
Native state 
(pH7.4) 
0% (v/v) 40% (v/v) 
-14.00 
0.5 
11.6 
332 
-0.25 
-30.69 
48.5 
70.0 
328 
-7.16 
Molten globule state 
(pH2.8) 
0% (v/v) 70% (v/v) 
-12.30 
43.0 
44.8 
340 
-1.80 
-65.61 
90.8 
86.8 
336 
-6.62 
Excitation wavelength 380nm 
' Excitation wavelength 280nm 
41 
2.2.3 Dynamic Light scattering Measurements 
DLS was used to determine the subunit status of the intermediate states formed at pH 7.4 
and 2.8 in presence of TFE and ACN. The measured hydrodynamic radii (eq. iii materials 
and methods) and molecular masses are summarized in table VI, fig.26A (TFE) and 26B 
(ACN). 
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Figure 26 Measurement of molecular dimension and hydrodynamic radii of KLH under 
different conditions. Effect of TFE (A) and ACN (B) on native eicosameric state 
at pH 7.4 and decameric molten globule state at pH 2.8. 
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We observed decrease in both molecular mass and Rh in unfolded intermediate states as 
compared to state in absence of cosolvents. 
Table VI 
Hydrudynamic radii (in nm) and molecular weight (in MDa) of KLH in the presence of 
cosolvcnts: 
Conditions 
pH 7.4, Absence of TFE/ACN 
pH 2.8, Absence of TFE/ACN 
pH 7.4, 80% TFE 
pH 2,8,40% TFE 
pH 7.4,40% ACN 
pH2.8, 70% ACN 
Hydrodynamic radii 
(nm) 
28.22 
22.02 
27.11 
24.92 
23.01 
11.82 
Molecular weight 
(MDa) 
8.83 
4.87 
8.08 
7.80 
7.20 
1.09 
2.3 Conclusion 
It has been previously shown that pH induced unfolding of KLH leads to the formation of 
molten globule state at pH 2.8. Characterization of such intermediate states is important 
and can give significant clues leading to an understanding of the protein-folding 
phenomenon. We extended our studies by studying the effect of cosolvents (TFE and 
ACN) on native (pH 7.4) and molten globule state (pH 2.8) of KLH in order to get more 
structural information about these states. Our results indicate that aggregation in KLH 
develops, due to exposure of hydrophobic patches in presence of cosolvents. Surprisingly 
ACN induced aggregation was observed at higher concentrations above 40% at pH 7.4 
and above 70% at pH 2.8, confirming that high concentration of alcohol leads to 
significant loss of tertiary structure, breaking up presumed hydrophobically driven 
interactions and thus formation of aggregates. 
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Here, we have characterized different intermediate states of KLH induced by TFE 
(state I, pH 7.4 andstate II, pH 2.8) while ACN (state III, pH 7.4 and state IV, pH 2.8). 
The various spectroscopic characteristics of theses states in presence of TFE and ACN 
are summarized in Table VI and V respectively. 
On the basis of above discussion the conformational behaviour of KLH induced by 
cosolvents in native and molten globule state can be summarized as follows: 
I II 
80% (V/V) 
TFE 
N state 
KLH Eicosamers 
(pH7.4) 
40% (V/V) 
ACN 
40% (V/V) 
TFE 
MG state 
KLH Decamers 
(pH 2.8) 
70% (V/V) 
ACN 
III IV 
A model summarizing the dynamic changes in KLH oligomerization that occurs at different 
concentrations of cosolvents. A KLH multidecamer is depicted centrally. 
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